Non-revenue water (NRW) is a major challenge for urban water security in Jordan. Quantifying leakage and pinpointing the location of leaks are difficult tasks in intermittent supply systems. This study aims to provide a structured analysis to determine the volume of leakage and its components in Madaba's water distribution network. The study also offers recommendations to reduce the physical losses as an important component of water losses through an infrastructure, repair, economic, awareness and pressure (IREAP) framework as a way of systematically engaging the NRW challenge in Jordan. The real loss sub-components were analysed using Burst and Background Estimates (BABE), and field records of the failures in the network. The potential impact of interventions to reduce losses were measured for efficiency/efficacy by analysing pressure management, chronic leakage detection surveys and response time minimization. The findings showed that Madaba's NRW amounted to 3.5 million m 3 in 2014, corresponding to a loss of 2.8 million USD to the utility, of which 1.7 million USD is the cost of real losses. The reported failures in Madaba accounted for 37.2% of the total volume of real losses which can be improved by enhancing response polices and asset management, while the unreported failures constituted 26.6 and 36.20%, respectively, which could be reduced by pressure management and active leakage control.
INTRODUCTION
Non-revenue water (NRW) is considered an important and omnipresent topic for urban water security with emerging challenges due to water scarcity and climate change (Brears ) . From an economic point of view, it is essential to preserve this resource by reducing water losses. NRW not only represents an economic loss for water utilities, it also represents a wasted process for treating, pumping and distributing water to the end user, which results in an adverse impact on the safety of drinking water (Colombo & Karney ) .
NRW is a major economic loss because it means that the monetary investment of treating water is also lost when the water does not reach subscribers. The same is valid for the energy that is, for example, invested in pressurizing water supplies to deliver water to the connected subscribers through the network (Kanakoudis & Muhammetoglu ) .
It was estimated that the cost of water losses worldwide total US$14 billion annually (Kingdom et al. ) . By identifying the causes of NRW and addressing all NRW components these highly valuable resources (water and energy) can be saved while investments and expenses are reduced. Ultimately, the necessary changes need to be addressed critically by utility managers of all related fields: from finance and administration to production and customer service (Farley ) .
Environmental scarcity, which is defined as the declining availability of renewable natural resources, is affected by climate variations which challenge the general availability of water. Environmental scarcity can be caused by the degradation renewable resources by natural processes and/or by an uneven distribution of resources leading to a deficit which can be exacerbated by population growth for example (Homrt-Dixon ). In Jordan, both factors are at play. Population and economic growth are putting pressure on water utilities (Thompson et al. ) . Water utilities in
Jordan have been struggling to cope with the increasing deficits -meeting water demand with renewable supplieswhich is exacerbated by the persistently high levels of NRW (Jordan's Water Strategy ). Water utilities in Jordan have been facing many challenges for quantifying real (physical water losses in a distribution system) and apparent (non-physical losses that might be attributed to inaccuracies in metering, billing and repairs) losses due to the complexity of the network where supply is intermittent and minimum night flows measurements cannot be conducted (MWI a, b, c, ). The study applies a component analysis to provide a structured assessment of the water loss components in the entire water supply system from the source to the end consumer.
A high level of NRW is an indicator of the water utility operational deficiency (Kingdom et al. ) . The water utility in Madaba has been struggling to recover the operational and maintenance costs due to high levels of NRW, whether from physical losses through leakage in pipes or the apparent losses (Miyahuna Annual Report ). However, using the NRW indicator as a percentage is misleading and not meaningful for assessing the performance of leakage management (Liemberger ).
The objective of the present study is to identify the root causes of leakage in Madaba's intermittent water supply and to provide pragmatic interventions to reduce the real losses, which contributes to the level of NRW.
METHODS

Study area
Madaba Governorate lies in the middle of Jordan and is situated 35 km southwest of Amman. It has an area of about 1,000 km 2 and a population of 178,000 inhabitants (DOS ). The location map of the study area is shown in Figure 1 .
Madaba Governorate is divided into two directorates:
Madaba directorate being 498 km 2 and Deeban directorate being 543 km 2 . The length of the water supply distribution system is 1,000 km from the source at Heedan wells to the customers meter, with an average pressure of 6 bars in the distribution network. According to the pressure measurement campaign, which was carried out to identify high pressure areas in Madaba town, the average pressure was about 6 bars in most of the network. While the highest pressure was 20 bars in the northern part of Madaba town, the lowest average pressure was 4.5 bars in the refugee camp area. Figure 2 shows a schematic of the water supply system in Madaba, Jordan. • the water balance does not provide a clear indication of the real losses and how they are affected by the utility's strategy;
• the annual water balance does not provide an early warning framework to unreported leakage;
• there are often systematic errors in bulk metering.
Due to these reasons, a bottom-up approach can be used to estimate the water loss components through an BABE was developed in order to estimate the real losses components based on logical assumptions, and is applicable for any water utility regardless of the conditions of the water network (Fanner et al. ) .
However, the IWA water loss task force splits the real losses into three main categories with regards to the water system parts, whereas Lambert also divided the type of leakage into three main components:
1. reported leaks which are characterized by high flowrates and a short run time;
2. unreported leaks, which are characterized by a moderate flowrate, run time counts on the schema control of the water utility; 3. background leakage, which is characterized by a low flowrate, long run time, mostly found at water distribution fittings and joints.
All the components can be found in all parts of a water system, such as transmission pipes, house connections and reservoirs. Estimating the annual losses of each component depends on many parameters that affect the leakage rate, such as the operating pressure in the system as shown in Table 1 The approach has shown that leaks can be divided into two main components; one 'direct' (bursts) that is given This model has been used to evaluate options for implementing efficient and sustainable leakage control programs. The model results should only be seen as a preliminary point for the proactive management of real losses. The preliminary real loss control strategy needs to be refined as more results become available.
The component analysis is structured to reflect the real losses components and the strategic options for NRW sustainable management of the Madaba water supply system in 2014. Based on the data provided to the model and the summary results of system components as shown in Table 2 , the real losses calculated by water audit constituted 2.0 million m 3 and the water balance is presented in Table 3 .
The results revealed that reported failures accounted for 37.2% while background leakage constituted 26.6%, which indicates the condition and shortcomings of the infrastructure, while the remainder was hidden and/or unreported leakage. The model has estimated the hidden losses in infrastructure which could not be detected or reported in the system based on the model assumptions.
According to the model, ICF ranges from 1 to 2.50 based on the age of distribution which is less than 50 years old. In the present study the ICF value is assumed to be 1 for 
Infrastructure failure frequency analysis
Based on the reported failure in the network, the results were below the failure frequency in system components and can be considered as a baseline for Miyahuna in order to relatively compare their operational management in the system in future. Moreover, the model provided an alarming indicator for the average failures in the system and the minimum failures that could occur in the distribution system against the optimized water supply network.
The frequency of water main bursts are significant, as shown in Table 4 , and represent 48.3 leaks/100 km/year due to the aging infrastructure and high speed flows in the mains which increase the friction losses.
Repairing service connections
Service connections as shown in Table 5 represent the main challenge for Madaba water utility, and they constitute a considerable number of losses in the network. Reducing the failures in the network depends on replacing the deteriorated connections and repairing the system in a way that guarantees the reliability of the tertiary network. NRW constitutes 39.6% of the system input. The ILI for Madaba's system is 2.7 which describes the technical performance of leakage, but it does not consider the economic aspect. In order to achieve the minimum leakage that can save water and be cost effective, adequate investment and resources need to be taken into account.
ILI is influenced by many factors that affect its value, such as the connection density of the network, access to roads and the areas for locating and repairing and aging infrastructure (Farley ) .
Other model's options: awareness, locations and repair time options
The model provided a pragmatic solution, as shown in Table 6 , to reduce the running time of leaks in Madaba's distribution network by optimizing the repair time and considering the total time of awareness, locations, and Reducing the location and repair time depends on customer support to report the leakage quickly and proactive leakage control to detect and repair the leaks in the network in an efficient time. Failures on the mains usually have a large impact on infrastructure due to high flowrates which require a quick response on the part of the utility to plug the leakage while failures on service connections produce low leakage rates which could be invisible or ignored by the public.
Detecting the leakage and raising awareness of reporting leakage are paramount steps in saving the precious water.
Economic intervention
The model revealed an economic option, as shown in Table 7 , for implementing proactive leakage control that is based on the budget capacity of Miyahuna Madaba. According to the model inputs, the user could only define two parameters of the cost of conducting the surveys and the estimated rate of unreported failures in the network. The model estimated the frequency of surveys per year and the required budget that should be invested for cost recovery.
The volume of real losses cannot be explained by recorded data since the amount of unreported leakage depends on active leak control and the actual UARL could be less than its empirical value. The ILI equals 2.69 for the entire system while CARL is more than twice the UARL. Therefore, it is recommended that leak detection be intensified to identify the unreported leaks.
The economic intervention of reducing the real losses in the network is recommended to optimize the surveillance system through district meter areas (DMA) for hydraulic monitoring instead of isolating the network and conducting a detailed investigation in order to define the root causes of a network's leakage (see Table 7 ). The model does not provide detailed expenses in calculating the customer retail unit cost and variable production cost. It is important to determine the actual retail unit cost of water without including the sewer costs in order to compare between different systems. It is recommended to develop the data validity scores by enhancing the metering system in the network in order to implement a reliable economic strategy for water loss reduction.
Pressure management
The model provided a robust option whereby pressure management has a direct impact on reducing the leakage rate without repairing a single leak in the network. The model Table 8 , for implementing cost-effective pressure modulation in the system. The costs are calculated based on previous NRW projects in Jordan.
Network pressure is a paramount parameter in the assessment of real losses. The pressure on the model is measured by calculating the average zone pressure (AZP)
for the entire system that can be used as a preliminary step in order to reflect the impact on reducing the leakage (for measuring the leakage flowrates).
Pressure management could be an efficient approach to reduce the leakage in Madaba as it was reported that the network has been operating under high pressure. Therefore, the relation between pressure and leakage has to be measured under the existing conditions of the Madaba distribution network for each DMA to investigate both effects of shifting the DMAs from a pressure system to a gravity under intermittent water supply, as well as shifting from an intermittent system to a continuous supply. Therefore, comprehensive pressure measurements are required to achieve sustainable leakage management.
Study limitations
The present study has the following limitations:
1. The network pressure is a paramount parameter in the assessment of real losses. The pressure in the model is measured by calculating the AZP for the entire system that can be misleading for measuring the leakage flowrates.
Distance and reactive communication with customers
has led to an increase in the awareness time of leakage and poor localization of complaints of leaks in GIS.
Moreover, the lack of leak records of flowrates and pressure is not adequately documented.
3. The volume of real losses cannot be explained by recorded data since the amount of unreported leakage depends on active leak control and actual UARL which could be less than its empirical value. The ILI equals 2.69 for the entire system while CARL is more than twice the UARL. Therefore, it is recommended to intensify the leakage detection in the distribution network to detect all the unreported leaks. 
CONCLUSIONS
The design of water loss reduction programs should study the main drivers of NRW in intermittent water systems to provide utilities with a clear understanding of what can be done within the DMAs to achieve urban water security.
Proactive leak detection has to be undertaken as a prelimi- Consequently, the opportunity costs have to be internalized in water loss calculations.
